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Introduction
The first cell fate decision in mouse embryo takes place during 8-to 16-and 16-to 32-cell stage transition and is defined by a type of blastomere division. Divisions of blastomeres of 8-and 16-cell embryo can be classified as either conservative or differentiative depending on the later fate of two daughter cells. If division is conservative it generates two polar outer cells, which further will form the trophectoderm (TE). When a blastomere cleaves in a differentiative manner, it gives rise to one polar cell, which inherits the apical domain and remains on the embryo surface, and one apolar cell, which localizes inside the embryo and will form the inner cell mass (ICM) of the resulting blastocyst (Johnson and Ziomek, 1981) . Thus, ICM cells are ultimately separated from TE cells as a result of two subsequent waves of differentiative divisions: during the transition from 8-to 16-cell stage (the first round of differentiative divisions) and from 16-to 32-cell stage (the second round of differentiative divisions). Additionally, in some embryos there is a third round of differentiative divisions at the 32-to 64-cell stage transition (Morris et al., 2010) . Shortly before implantation the ICM cells differentiate into two sub-populations: the epiblast (EPI) -a source of cells for the future proper embryo and the primitive endoderm (PE), which contributes to the endoderm of the extraembryonic yolk sac.
Our previous studies have shown that in a preimplantation mouse embryo the proportion of inner to outer cells (i.e. precursors of ICM and TE, respectively) is regulated by a different frequency of differentiative cell divisions at the 8-and 16-cell stages. Low number of inner blastomeres generated in the first round of differentiative divisions is compensated by the increased number of differentiative divisions in the second round (Krupa et al., 2014 ). Yet, it is not known how the pattern of blastomere divisions at the 8-and 16-cell stage is controlled, and how the number of inner cells arising in the first round influences the pattern of division during the next round. It seems plausible that the division pattern depends at least partially on spatial interactions between blastomeres. In this study we investigated how the modifications of these interactions, which are induced by the presence of additional exogenous cells in the embryo, influenced the Mechanisms of Development 141 (2016) [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] pattern of divisions and, in consequence, affected the specification of TE and ICM. We used embryonic stem cells (ESCs), which are derived from ICM of a blastocyst and after re-introduction into the embryo contribute exclusively to the ICM of the resultant chimeric blastocyst and are predominantly incorporated into the EPI (Morgani et al., 2013) , (Poueymirou et al., 2007) . Thus, they exhibit "inner-like" character. We microsurgically introduced ESCs into 8-cell embryos and examined how their presence affects the proportion of differentiative divisions of the blastomeres at the 8-, 16-, and 32-cell stages and, in consequence, the number of embryo-derived cells in the ICM of the blastocysts. We show that the presence of additional inner-like ESCs leads to the emergence of a subsequent two-step mechanism regulating final proportions of TE and ICM cells within the blastocyst. First, we observed decrease in the frequency of differentiative divisions of the blastomeres at the 8-to 16-cell stage transition, while the frequency of differentiative divisions in the second round (at the 16-cell stage) was unaffected. The second step occurred in the early 32-cell blastocyst, probably due to the presence of ESCs-derived cells colonizing ICM. Hence, outer blastomeres in ESCs-containing embryos at this stage cleaved in a differentiative manner significantly less frequently, complementing arising ICM with smaller number of embryo-derived cells than in control embryos. Furthermore, we proved that contribution of host cells to EPI lineage within ICM of obtained chimeric blastocysts negatively correlated with the number of ESCs introduced into the 8-cell embryos. In line with this, we noticed increased number of host ICM cells in the PE lineage of chimeric embryos, suggesting that ESCs instructed embryo ICM cells to acquire PE rather than EPI fate.
Results

ESCs injection at 8-cell stage increases the frequency of conservative divisions at 8-to 16-cell transition
The final number of inner cells in blastocysts and a proportion of inner to outer cells (precursors of ICM and TE) seem to be the result of an inverse correlation between the frequency of differentiative divisions during 8-to 16-and 16-to 32-cell stage transitions (Krupa et al., 2014 ). Thus, we tested the influence of exogenous "inner-like" cells introduced into 8-cell embryo on the pattern of the subsequent cleavages of host cells, i.e. number of inner blastomeres generated in the first, second, and third round of differentiative divisions.
First, we wanted to confirm that ESCs injected into early, precompacted 8-cell stage embryo indeed localize internally and thus behave like the inner cells. In 29 out of 31 embryos injected with 8-10 ESCs at the 8-cell stage, all ESCs were completely surrounded by blastomeres of the embryo. ESCs maintained their inner position through the 16-to 32-cell stage transition and in all 32-cell embryos (n = 15) they were still located inside the embryo. Taken together, these observations proved soundness of our experimental approach.
We next analyzed the proportion of outer to inner blastomeres produced during 8-to 16-cell stage transition in embryos originating from 8-cell embryos injected with 8-10 ESCs, and control, unmanipulated embryos. In order to distinguish between inner and outer blastomeres, 16-cell embryos were treated with the fluorescent beads that label only the surface of the outer cells (Fig. 1A-A″) .
We found that in control 16-cell embryos the most frequent proportions of outer to inner blastomeres were 11:5, 12:4 and 13:3 (Fig. 1B) . The mean numbers of outer and inner cells in this control group (12.0 ± 1.2 and 4.0 ± 1.2, respectively; Fig. 1D and E) corresponded to 4 conservative and 4 differentiative divisions. In 16-cell embryos containing ESCs ( Supplementary Fig. S1A ), the proportions 13:3 and 14:2 of outer to inner blastomeres were the most frequent (Fig. 1C) . In these embryos blastomeres underwent on average 5.4 conservative and 2.6 differentiative divisions and therefore ESCs-containing embryos had significantly more outer cells (13.4 ± 1.4) and less inner cells (2.6 ± 1.4), than their control counterparts (p b 0.001; Fig. 1D and E) . The distributions of all proportions of outer to inner blastomeres between both groups differed significantly (p b 0.01; Fig. 1B and C) . This result clearly indicates that introduction of additional inner-like cells leads to an increase in the number of outer cells during the 8-to 16-cell stage transition.
2.2. Sixteen-cell embryos, which develop from 8-cell embryos injected with ESCs, have more polar blastomeres than control embryos It has been recently suggested that cell polarity is a better marker of the frequency of differentiative divisions in cleaving embryos than the position of the cells, as some apolar cells in 16-cell embryos may be initially positioned outside and only later internalize to become the ICM precursors (Anani et al., 2014) , (Watanabe et al., 2014) and (Yamanaka et al., 2010) . Hence, both classifications, i.e. outer/inner and polar/apolar, may not be equivalent. Therefore, we decided to verify whether in our experiments all the cells located on the surface of the 16-cell embryos were indeed the polar precursors of TE. Thus, in another group of embryos polar cells were identified by immunostaining of the phospho-ERM (ezrin/radixin/moesin-pERM) complex. We observed that only 5 out of 15 (33%) control embryos and 9 out of 28 embryos (32%) injected with ESCs ( Fig. 1F -F″) contained single (1 or 2) outer apolar (pERM-negative) blastomeres. Their externally exposed areas were much smaller than apical regions of the polar blastomeres. In the remaining ESCs-containing embryos all the cells located outside were polar, as evidenced by the presence of pERM. Thus, although our approach to assess the frequency of differentiative divisions by comparing the number of inner and outer cells was correct in the majority of embryos, in some cases it could misidentify an apolar cell that has not moved yet to its final inner position as the outer cell. Consequently, we decided to examine how many polar and apolar blastomeres were present in 16-cell embryos originating from 8-cell embryos containing ESCs, and in control, unmanipulated embryos. Additionally, we analyzed how the number of introduced ESCs (1-2 or 8-10 ESCs) affected the frequency of differentiative divisions (assessed by the number of polar and apolar blastomeres).
We found that in control embryos the proportions 10:6 and 11:5 of polar to apolar blastomeres were the most frequent (Fig. 1G) . In control embryos on average 4.8 differentiative and 3.2 conservative divisions occurred. In 16-cell embryos, which were injected with low number of ESCs (1-2) at the 8-cell stage ( Supplementary Fig. S1B ), the proportion 12:4 of polar to apolar blastomeres was the most frequent (Fig. 1H) . The numbers of polar and apolar blastomeres (on average 11.8 ± 1.3 and 4.2 ± 1.3, respectively; Fig. 1J and K) corresponded to 4.2 differentiative and 3.8 conservative divisions. In comparison, in embryos containing 8-10 ESCs 13:3 and 14:2 proportions of polar to apolar blastomeres were the most frequently observed ( Fig. 1I and Supplementary Fig. S1C ). Based on these data we found that embryos injected with high number of ESCs underwent 3.3 differentiative and 4.7 conservative divisions and, as a consequence, had significantly more polar blastomeres (12.7 ± 1.6) and less apolar blastomeres (3.3 ± 1.6) than control embryos (11.2 ± 1.4 and 4.8 ± 1.4, respectively; p b 0.05; Fig. 1J and K) . The distributions of all proportions of outer to inner blastomeres between control embryos and embryos injected with 8-10 ESCs differed significantly (p b 0.01; Fig. 1G and I ). Taken together, the ESCs injection to 8-cell stage embryo increases the number of conservative divisions.
2.3. The shape of blastomeres of 8-cell embryos injected with ESCs may bias them toward a conservative division Next, we investigated how the exogenous ESCs affect the pattern of cleavage of blastomeres of the 8-cell embryo. It has been recently demonstrated that in 8-cell embryo the position of the nucleus in relation to the apical-basal axis of the blastomere correlates with the division plane (Ajduk et al., 2014) . Therefore, we examined whether the presence of ESCs inside the 8-cell embryos modifies the shape of blastomeres, making them more stretched than in control embryos, and, in consequence, changing the relative nuclear position along the apical-basal axis. We hypothesized that flattened blastomeres having nuclei located more apically may be predisposed toward conservative divisions. To address this question, we measured the degree of flattening and stretching of all blastomeres in compact 8-cell embryos (n = 8) 3-4 h after ESCs injection, and compared it to the control embryos (n = 11) of the same stage ( Fig. 2A′ -A‴ and B-B‴). Length and depth of the blastomeres, as well as the length to depth ratio, were assessed for both groups (Fig. 2C and D) . We found that blastomeres of 8-cell embryos injected with ESCs were more stretched than those of control 8-cell embryos (40.1 ± 4.0 μm vs. 38.3 ± 3.3 μm, respectively; p b 0.01; Fig. 2C ). However, there was no significant difference in depth and length to depth ratio between blastomeres of experimental and control embryos (31.6 ± 2.8 μm vs. 31.3 ± 2.7 μm and 1.28 vs. 1.23, respectively; Fig. 2C and D) . Thus, although the modified shape of the blastomeres in the 8-cell embryos injected with ESCs is certainly not a decisive factor, it may partly explain why distorted blastomeres are more prone to conservative divisions than blastomeres from the control embryos.
ESCs injection at 8-cell stage does not change the frequency of conservative divisions at 16-to 32-cell transition
Because the injection of ESCs into 8-cell embryos affects frequency of differentiative divisions and number of inner blastomeres generated at 8-to 16-cell stage transition, we examined whether it also influences the next round of differentiative divisions (i.e. 16-to 32-cell stage transition). We labeled ESCs-containing embryos with fluorescent beads at 32-cell stage ( Fig. 3A-A″) . The frequency of conservative and differentiative divisions of blastomeres was recorded based on the number of outer (beads-labeled) and inner (devoid of the label) blastomeres and compared with blastomere divisions in control embryos. In contrast to 16-cell, in 32-cell embryos the outer and inner cells are equivalent to polar and apolar cells, respectively, as we confirmed by correlating the expression of pERM with the position of cells (n = 41; data not shown). In control 32-cell embryos (n = 23), ratio 20:12 of outer to inner cells was the most frequent ( Fig. 3B) . Assuming that the rate of divisions is similar in all cells, the number of both types of divisions during the 16-to 32-cell transition was assessed based on the comparison of proportions of outer to inner blastomeres at the 32-cell stage with the proportion of polar to apolar blastomeres in the 16-cell morulae. We calculated that in the 16-to 32-cell stage transition there were on average 8.7 conservative and 2.5 differentiative divisions, and additional 9.6 inner cells originated from the 4.8 cells internalized in the first round of differentiative divisions (mean numbers of outer and inner blastomeres were 19.9 ± 1.6 and 12.1 ± 1.6, respectively; Fig. 3E and F). We obtained similar results when only 1-2 ESCs were injected into 8-cell embryos (n = 17). The most prevalent proportion of outer to inner cells in this case was 20:12 and 21:11 ( Fig. 3C and Supplementary Fig. S1D ) and the mean numbers of outer and inner cells were 20.8 ± 1.6 and 11.2 ± 1.6, respectively (Fig. 3E and F) . In embryos injected with 8-10 ESCs (n = 15) the most frequent ratio of outer to inner blastomeres was 21:11 and 22:10 ( Fig. 3D and Supplementary Fig. S1E ) and the mean numbers of outer and inner cells were 22.3 ± 1.4 and 9.7 ± 1.4, respectively ( Fig. 3E and F) . The distributions of proportions of outer to inner blastomeres between control embryos and embryos injected with 8-10 ESCs and also between embryos injected with 1-2 ESCs and embryos injected with 8-10 ESCs differed significantly (p b 0.01; Fig. 3B and D and p b 0.05; Fig. 3C and D; respectively), which resulted probably from the decrease in the frequency of the first differentiative division.
Using the same estimation method as for control embryos we inferred that during 16-to 32-cell stage transition the number of conservative vs. differentiative divisions in experimental embryos was comparable to the controls: on average 9.0 conservative vs. 2.8 differentiative divisions (in 32-cell blastocysts originating from 8-cell embryos injected with 1-2 ESCs) and 9.6 conservative vs. 3.1 differentiative divisions (in 32-cell blastocysts originating from 8-cell embryos injected with 8-10 ESCs). In these two experimental groups 8.4 and 6.6 inner cells were derived from 4.2 and 3.3 blastomeres internalized in the previous round of differentiative divisions, respectively.
We calculated that at the 16-cell stage the embryos containing 8-10 ESCs possessed 1.12 time more outer cells (and 1.13 time more polar cells) than the control embryos. At 32-cell stage 8-10 ESCs-containing embryos also had 1.12 more outer blastomeres, when compared with the mean number of outer blastomeres present in control embryos. Thus, it appears that in contrast to the 8-cell embryos, the presence of ESCs does not affect the frequency of conservative and differentiative divisions during the 16-to 32-cell transition. The higher number of outer cells and observed differences in the distributions of all proportions in this experimental group when compared with the control were a consequence of the increased frequency of conservative divisions during 8-to 16-cell transition.
The third round of differentiative division occurs less often in embryos containing ESCs than in control embryos
At least in some embryos differentiative divisions of blastomeres occur also at the 32-cell stage (Morris et al., 2010) . Therefore, we examined whether frequency of the third round of differentiative divisions is affected by the number of dividing ESCs. We labeled the outer blastomeres of un-injected and ESCs-containing 32-cell embryos with fluorescent beads and cultured them until 64-cell blastocyst stage (Fig. 4A-A″) . Embryos containing nascent cavity were considered as a 32-cell stage. However, to be assured that our classification is correct, we labeled outer blastomeres about 1 h after noticing the presence of a small cavity. Subsequently, after 21-24 h of in vitro culture embryos were fixed as a putative 64-cell stage.
We found that the proportions of TE cells in control (n = 30) and experimental (n = 29) blastocysts were similar (76.7% vs. 74.2% of all cells, respectively; Fig. 4B ). In contrast, the number of embryo-derived cells in the ICMs of control blastocysts was significantly higher (on average 20.2 ± 5.6 cells) than in ESCs-containing blastocysts (on average 11.1 ± 3.7 cells; p b 0.001), although the total ICM cell numbers and proportion (including cells originating from the host embryo and injected ESCs) were similar in both groups of embryos [20.3 ± 5.7 (23.3% of all cells) vs. 20.2 ± 5.6 (25.8%), respectively; Fig. 4B ].
The proportion of blastocysts comprising inner cells derived from the differentiative divisions during 32-to 64-cell transition was assessed based on the presence of beads-labeled inner (ICM) cells. We found that ICM cells derived from outer blastomeres, which underwent differentiative division during 32-to 64-cell transition, were present in 53.3% (16/30 of the control blastocysts) (Fig. 4C) . In contrast, only 34.5% (10/29) of blastocysts, which developed from 8-cell embryos injected with 8-10 ESCs, contained ICM cells derived from the third round of differentiative divisions (Fig. 4C) . Furthermore, the number of beadscontaining (embryo-derived) cells colonizing the ICM was over two times lower in the ESCs-injected embryos (on average 0.5 cells, giving 4.5% of all cells in ICM) than in control embryos (on average 1.2 cells, 6.5% cells in ICM) ( Fig. 4D and E) . Taken together, we conclude that 2.6. In ESCs-injected embryos the progeny of ESCs contribute solely to EPI of the resulting blastocysts, whereas PE and TE originate from cells of the embryo Because we found out that the ESCs-injected embryos reduce the frequency of differentiative divisions of blastomeres in the first and third round, and thus regulate the ultimate proportions of ICM and TE cells, we checked whether this adjustment influences specification of the first cell lineages in the blastocyst. We injected 8-cell embryos with 1-2, 4-5 or 8-10 ESCs and analyzed localization of the ESCs-derived cells and host embryo cells in the resulting blastocysts. The proportion of both types of cells in TE, PE and EPI was assessed by immunodetection of respective molecular markers: Cdx2, Gata4 and Nanog.
We found that regardless of the number of ESCs introduced into 8-cell embryos, all their progeny at the blastocyst stage were preferentially allocated to EPI (Fig. 5A-A‴-D-D‴) . In all experimental groups TE and PE were composed solely of the cells originating from the blastomeres of the host embryos (Fig. 5A -A‴-D-D‴).
As introduction of ESCs into 8-cell embryos resulted in increase of the number of conservative divisions of blastomeres in the first and third round, and in consequence the increase of outer cells in 16-and 32-cell embryos, we wanted to check whether the presence of these cells affected the final number of TE cells in expanded blastocysts. We found that mean number of TE in ESCs-containing blastocysts was similar in all groups (80.3 ± 11.4, 82.5 ± 9.4 and 73.7 ± 7.3 for 8-10 ESCs, 4-5 ESCs and 1-2 ESCs groups, respectively. The mean number of ICM cells of embryo-origin was also similar in blastocysts developed from embryos injected with 8-10 ESCs (13.6 ± 2.7) when compared with the blastocysts developed from embryos injected with 4-5 (11.4 ± 1.9) and 1-2 (12.8 ± 1.8) ESCs. We revealed that the mean number of embryo cells, which formed PE was positively correlated with the number of ESCs introduced. It ranged from 8.4 ± 1.8 in blastocysts developed from 8-cell embryos injected with 1-2 ESCs to 12.6 ± 2.8 in blastocysts developed from embryos injected with 8-10 ESCs (Fig. 5E) .
In contrast, we observed that the higher number of microinjected ESCs correlated with the lower contribution of the embryo-derived cells to the EPI lineage (Fig. 5E ). It ranged from 4.4 ± 2.0 in blastocysts developed from embryos injected with 1-2 ESCs to 1.0 ± 0.8 in blastocysts developed from 8-cell embryos injected with 8-10 ESCs (Fig. 5E ). The proportion of embryo-derived EPI cells decreased from 50% in embryos injected with 1-2 ESCs to 10.2% and 4.9% in embryos injected with 4-5 and 8-10 ESCs, respectively.
Next, analyzing the same sets of embryos, we compared the proportion of blastocysts with EPI built exclusively of ESCs-derived cells. The percentage of embryos possessing only ESCs-derived EPI (Fig. 5AA‴ , BB‴ and F) was similar when 4-5 and 8-10 ESCs were injected (60.6% and 61.3%, respectively). When 1 or 2 ESCs were injected, only 11.8% of the blastocysts contained purely ESCs-derived EPI and the remaining 88.2% of blastocysts were chimeric, i.e. composed of both ESCs-and embryo-derived cells (Fig. 5CC‴, DD‴ and F) . Taken together, we showed that the adjustment of the inner cell number induced by introduced ESCs affected the specification of the cell fate of embryonic blastomeres, leading to a decreased number of EPI cells originating from the host embryo blastomeres.
Discussion
The number of inner and outer cells in the cleaving mouse embryo, and in consequence the number of ICM and TE precursor cells, is controlled by the type of blastomere divisions (either conservative or differentiative in relation to the inheritance of the apical domain) between the 8-and 32-cell stage. It has been observed previously, although never directly proven, that the pattern of blastomere divisions and, in consequence, number of inner and outer cells, depend on the number of cells generated in the previous wave of differentiative divisions (Krupa et al., 2014) . In the present study we showed experimentally that the supernumerary inner-like cells (i.e. ESCs injected into early 8-cell embryos) affect the pattern of the subsequent blastomere divisions. Blastomeres of the 8-cell embryo injected with 8-10 ESCs cleaved in a conservative manner more often, and consequently, produced more outer blastomeres than control embryos. Most importantly, we obtained similar results when proportions of polar and apolar blastomeres, instead of outer and inner ones, were compared between ESCs-injected and control embryos. Therefore, we excluded a possibility that our conclusions were inaccurate due to the fact that some apolar cells may be transiently positioned outside before adapting the final inner position (Anani et al., 2014) . We also found that the supernumerary inner-like cells do not affect frequency of differentiative divisions during 16-to 32-cell stage transition, but they significantly decrease the number of nascent blastocysts, in which the third round of differentiative divisions (at 32-to 64-cell stage transition) occurs.
All these results indicate that cleaving embryos possess a regulative mechanism, sensing the number of inner cells and controlling the proportion of conservative and differentiative divisions of blastomeres. The current observations agree with the results from other laboratories and our previous studies, where we showed that the total number of inner cells is regulated by the frequency of differentiative divisions between 8-and 32-cell stage (Bischoff et al., 2008) , (Fleming, 1987) and (Krupa et al., 2014) . We also confirmed that at least in some 32-cell embryos certain outer blastomeres divide in a differentiative manner, giving rise to one outer (TE cell), and one inner cell localizing in ICM (Morris et al., 2010) . As such divisions occur less often in ESCs-injected embryos, it seems that differentiative divisions of outer 32-cell stage blastomeres supplement the pool of inner cells in the embryos that have a low number of inner cells after the first two rounds of differentiative divisions.
The exact mechanism, which is responsible for the effect of ESCs on the plane of blastomere divisions, and, in consequence, the number of inner, ICM precursor cells, remains elusive. Recent studies showed that the plane of blastomere division in the 8-cell embryos is partially controlled by the position of the blastomere nucleus. When blastomeres of 8-cell embryo progress through the cell cycle, their nuclei migrate from the apical to the more basal position. This basal position of the nucleus is required for the differentiative division of the blastomere (Ajduk et al., 2014). Therefore, it is possible that injection of ESCs leads to blastomere stretching, which shifts blastomere nucleus apically. This would in consequence facilitate conservative divisions. This is in agreement with data published previously for zebrafish (Castanon et al., 2013) , sea urchin eggs (Minc et al., 2011 ) and a rat epithelial cell line (O'Connell and Wang, 2000) . However, although we showed that blastomeres of 8-cell embryos with introduced ESCs are longer than blastomeres of the control embryos, other parameters are similar in both groups and thus we cannot say definitively, whether deformation of blastomeres is responsible for the effect of exogenous cells on the pattern of cleavage. Further studies utilizing apical-basal axis markers are needed to establish if and how this axis is distorted in blastomeres of the ESCs-injected embryos. On the other hand, numerous studies showed that spindle orientation during cleavage does not correlate with the fate of the resulting daughter cells and that the acquisition of final cell fates depends on their dynamic behavior (i.e. engulfment, bulging, displacement) (Dard et al., 2009) , (Maître et al., 2015) , (McDole et al., 2011) and (Watanabe et al., 2014) rather than division plane as was suggested by Bischoff et al. (Bischoff et al., 2008) . According to Samarage et al. (2015) divisions with spindle oriented exactly perpendicularly or in parallel to the embryo surface occur very rarely. The authors demonstrated that both daughter cells arising in a differentiative division locate initially outside but differ in tensile forces generated by the cortical cytoskeleton. Subsequently, inner cells exhibiting higher cortical tension (dependent on myosin II) than outer cells constrict and as a result are positioned inside the embryo (Samarage et al., 2015) . Nevertheless, additional studies are necessary to characterize these biomechanical forces in blastomeres of embryos containing ESCs. It is an essential question whether these initial differences in tensile forces occur between inner and outer blastomeres but through the lack of space inside the embryo (occupied by ESCs) less inner cells can constrict and locate in the ICM. Hence, prolonged exposure of inner blastomeres to the outside environment may, in consequence, enforce their polarization and change of fate. An alternative but slightly less probable scenario could be that a regulative mechanism occurs in the mouse embryo, that enables blastomeres to sense the amount of space inside and adjusts the proportion of differentiative vs. conservative divisions accordingly.
Thus, we suggest that although tendency of embryos injected with ESCs to undergo conservative divisions may be somehow facilitated by spatial interactions between cells, the other factors might be also involved. We demonstrated that ESCs influence not only the total number of the embryo-derived ICM cells, but also bias embryonic inner blastomeres toward PE rather than EPI fate. We observed that mean number of PE cells in chimeric blastocysts was positively correlated with the number of ESCs introduced into 8-cell embryos. Thus, reduced contribution of embryo-derived cells to EPI was due to change of direction of their differentiation rather than their selective elimination. Especially since we did not notice enhanced number of pycnotic nuclei in fixed embryos, suggesting selective apoptosis of embryo-derived EPI cells. However, we cannot exclude that apoptosis does occur in earlier stages, operating as an additional factor regulating the final composition of ICM.
It seems plausible that this ESC-driven effect relies on a paracrine signaling. Numerous studies showed that the Fgf4 (fibroblast growth factor 4)/MAPK (mitogen-activated protein kinase) pathway is involved in PE differentiation in mouse blastocyst (Chazaud et al., 2006) , (Frankenberg et al., 2011) , (Grabarek et al., 2012) , (Kang et al., 2013) , (Krawchuk et al., 2013) , (Nichols et al., 2009 ) and (Yamanaka et al., 2010) . It is known that in the blastocyst the synthesis of Fgf4 occurs predominantly in the EPI precursor cells, while Fgf receptor -Fgfr2 is specific for PE and TE lineages (Guo et al., 2010) and (Kurimoto et al., 2006) . However, it is unlikely that Fgf4 alone is responsible for the observed change of the pattern of differentiative vs. conservative divisions earlier in development, i.e. during 8-to 16-cell stage transition. In order to verify this possibility, we cultured 8-cell stage embryos (without introduced ESCs) in the presence of exogenous Fgf4 till the 16-cell stage and observed no effect on the frequency of conservative divisions during this transition (data not shown). Nevertheless, we cannot exclude the involvement of Fgf/MAPK in the phenomenon observed at the blastocyst stage, i.e. the lack of EPI chimerism. We have previously proved that a bias in the expression of Fgf4 and Fgfr2 exists as early as at the 32-cell stage, i.e. cells originating from the second wave of differentiative divisions express Fgfr2 more frequently than the daughter cells of primary inner blastomeres, which have higher and more frequent expression of Fgf4 (Krupa et al., 2014) . In our published model (Krupa et al., 2014) we postulated the existence of Fgf4-dose-dependent dialog, in which Fgf4-positive blastomeres instruct the Fgfr2-positive cells to acquire PE fate. Moreover, Yamanaka et al. (2010) showed that blastocysts originating from the 8-cell stage embryos cultured in high doses of exogenous Fgf4, contains ICM built exclusively of PE cells. These experiments proved that all ICM cells, including EPI precursors (despite lower expression of Fgfr2), have the potential to respond to Fgf4 induction and, in consequence, to specify toward PE. This is only possible in high concentration of Fgf4 (not observed in physiological conditions in the embryo), which imposes a change in the direction of EPI progenitors differentiation. In line with this, it seems plausible that the production and secretion of Fgf4 by the ESCs (Schoorlemmer and Kruijer, 1991) and (Wilder et al., 1997) in a dose-dependent manner (i.e. the more ESCs introduced, the higher level of secreted Fgf4) is responsible for differentiation of the inner blastomeres toward the PE (the higher level of Fgf4, the more host embryo inner cells contribute to PE). Taken together, in this study we explored an interesting experimental model, which addresses the effect of supernumerary inner-like cells on the pattern of blastomere divisions and specification of the first embryonic cell lineages. We showed that the presence of supernumerary inner cells (i.e. ESCs) and their slightly altered geometry enforce conservative divisions of blastomeres, eventually leading to a decrease in embryo-derived inner cells. Moreover, we postulate that the presence of ESCs affects the specification of host embryo cells within the ICM. The mechanism responsible for the bias in differentiation of the inner embryonic cells toward EPI fate remains elusive. Additional studies are needed to evaluate the involvement of a paracrine FGF-dependent signaling in the observed phenomenon.
Materials and methods
The study was approved by the Local Ethical Committee No. 1 (Warsaw, Poland).
Animals
We used F1(C57Bl/6/Tar × CBA/Tar) mice. Animals were kept under 14 h light/10 h dark lighting regime.
Embryos
Eight-cell embryos were obtained from 7 to 11 weeks old F1 females superovulated with 10 IU of pregnant mare serum gonadothropin (PMSG; Folligon, Intervet) followed after 48 h by 10 IU of human chorionic gonadothropin (hCG; Chorulon, Intervet), and mated with F1 males. Females with vaginal plugs were culled by cervical dislocation 63-64 h after the hCG injection. Embryos were flushed out from the oviducts with M2 medium supplemented with 4 mg/ml bovine serum albumin (BSA; Sigma-Aldrich) (Fulton and Whittingham, 1978) . Embryos were cultured in M2 + BSA medium under mineral oil (Sigma-Aldrich) at 37.5°C in 5% CO 2 in air until the ESCs injection.
ESCs culture
We used a CAG::H2B-GFP ESC line expressing constitutively a human histone H2B gene fused with GFP gene under the control of a CAG (CMV-actin-globin hybrid) promoter (Hadjantonakis and Papaioannou, 2004) . ESCs were grown on gelatin-coated plastic dishes (Ø 60 × 15 mm; Tissue Culture Dishes, Falcon, Becton Dickinson) in presence of leukemia inhibitory factor (LIF; Chemicon International), on a feeder layer of mouse embryonic fibroblasts inactivated with mitomycin C (10 μg/ml; Sigma-Aldrich). ESCs were cultured in Knockout DMEM (Dulbecco Modified Eagle Medium; Life Technologies) supplemented with 15% FBS (fetal bovine serum; Life Technologies), streptomycin (5 mg/ml; Life Technologies), penicillin (5000 units/ml; Life Technologies), non-essential aminoacids (0.1 mM; Life Technologies), Lglutamine (2 mM; Life Technologies), mouse LIF (50 units/ml; Chemicon International) and β-mercaptoethanol (0.1 mM; Sigma-Aldrich). Prior to microinjection the ESCs were subjected to trypsinization (0.25% Trypsin-EDTA, Life Technologies), suspended in ESC medium and kept at 4°C until the microinjection.
Microinjection of ESCs into 8-cell embryos
Microinjections were performed under an inverted microscope (Nikon Diaphot 300) equipped with Leitz micromanipulators. The procedure was carried out at room temperature in M2 + BSA medium under mineral oil. Different number (1-2, 4-5 and 8-10) of ESCs were injected into 8-cell embryos before compaction. After microinjection embryos were cultured in KSOM medium at 37.5°C in 5% CO 2 in air for 10, 20, 41 or 48 h to obtain 16-, 32-cell embryos, mid-and late blastocysts, respectively.
Measurements of blastomeres of 8-cell embryos
In order to determine changes in the shape of blastomeres of the 8-cell embryo microinjected with ESCs, length and depth of all the blastomeres within the embryo and the length to depth ratio were defined and compared to those in control, unmanipulated embryos. ImageJ software was used for the measurements.
4.6. Labeling of outer blastomeres in 16-and 32-cell embryos Zona pellucida was removed by acidic Tyrode solution (Nicolson et al., 1975) and embryos were washed in BSA-free M2. Outer blastomeres of 16-and 32-cell stage embryos were labeled red with 1:100 suspension of fluorescent latex beads (Fluoresbrite Multifluorescent 0.2 μm Microspheres, Polysciences, Inc. USA; (Fleming, 1987) ) in BSA-free M2 for 20 s on 1% agar. After rinsing in BSA-free medium embryos were incubated in M2 + BSA for 20 min to allow endocytosis of the beads. Subsequently, labeled 16-and 32-cell stage embryos were fixed in 4% paraformaldehyde (Sigma-Aldrich) in Ca 2+ and Mg 2+ -free PBS (Biomed) (30 min, room temperature) and permeabilized in 0.3% Triton X-100 (Sigma-Aldrich) in Ca 2+ and Mg 2+ -free PBS (20 min, room temperature). Nuclei were stained with Draq5 (10 μM in PBS; Biostatus Ltd.) for 15 min at 37.5°C. Additionally, in order to assess the frequency of the third round of differentiative divisions a share of labeled 32-cell embryos was cultured in vitro in KSOM medium for 21-24 h and fixed as presumable 64-cell stage blastocysts according to the protocol described for blastocysts (below).
Indirect immunofluorescence
Embryos containing microinjected ESCs were cultured for 48 h up to the blastocyst stage. Zona pellucida was removed from the embryos with acidic Tyrode solution after first 24 h of the in vitro culture. 24 h later the blastocysts were fixed in 4% paraformaldehyde in Ca 2+ and Mg
2+
-free PBS (30 min, room temperature), permeabilized in 0.5% Triton X-100 in Ca 2+ and Mg
-free PBS (30 min, room temperature) and blocked with 3% BSA and 0.05% Tween 20 (Bio-Rad Laboratories) in Ca 2+ and
Mg
2+
-free PBS (4°C, overnight). The blastocysts were incubated overnight at 4°C with a mouse monoclonal antibody against Cdx2 (1:50; BioGenex, #MU392A-UC) and a rabbit polyclonal antibody against Gata4 (1:100; Santa Cruz Biotechnology, #sc-9053) or a rabbit polyclonal antibody against Nanog (1:200; CosmoBio, #REC-RCAB001P) diluted in Ca 2+ and Mg
-free PBS with 3% BSA and 0.05% Tween 20. In case of 64-cell blastocysts only the mouse monoclonal antibody against Cdx2 was used for immunodetection. Subsequently, the blastocysts were rinsed with Ca 2+ and Mg
-free PBS and incubated for 2 h at room temperature with Alexa-633-conjugated goat anti-rabbit IgG (1:200; Life Technologies, #A21071) and TRITC-conjugated goat To analyze the polarization of blastomeres at the 16-and 32-cell stage, embryos were processed as described above. Apical domains of the polar blastomeres were detected using anti-phospho-ERM (ezrin/ radixin/moesin) rabbit monoclonal primary antibody (1:400, Cell Signaling Technology, #3726) and Alexa-633-conjugated goat anti-rabbit IgG secondary antibody. To visualize the cell borders cortical actin was stained with phalloidin conjugated with TRITC (1:1000 in Ca 2+ and Mg
-free PBS; Sigma Aldrich, #P1951) for 20 min at room temperature.
Confocal imaging
Stained embryos were analyzed with a laser scanning confocal microscope (LSM 510, Zeiss). Z stacks of 15-20 optical sections for 8-and 16-cell embryos, 20-28 optical sections for 32-cell embryos and 40-50 optical sections for blastocysts were collected. In case of the first three groups of embryos only embryos with the exact number of cells (8, 16 or 32) were included in the final statistical analysis. Images were analyzed with LSM Image Browser software, and ImageJ software was used to count the cells.
Statistical analysis
Quantitative data was shown as mean ± standard deviation (SD), tStudent test and chi square test with Yates correction were used for the statistical analysis; p b 0.05 was considered statistically significant.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.mod.2016.06.002.
Grant funding
This work was supported by the grant OPUS 2013/09/B/NZ3/02404 from the National Science Center (Poland).
